Abstract A project to determine the neutron-capture cross section of long lived fission products and minor actinides has been started by using a beam-line at Japan Proton Accelerator Research Complex (J-PARC). One of the target nuclides is 93 Zr, which was prepared in Oak Ridge National Laboratory. Qualitative and quantitative analyses on the sample were performed at Kyoto University. The isotopic composition of m Zr (m 90, 91, 92, 93, 94, and 96) was precisely determined by multi-collector thermal ionization mass spectrometry with \0.1 % of 2r uncertainty. The atomic abundance of 93 Zr in the sample was determined to be 18.86 ± 0.05 %.
Introduction
Accurate determination of neutron-capture cross sections of minor actinides (MAs) and long-lived fission products (LLFPs) are essential to establish a more realistic study on nuclear transmutation systems and innovative nuclear fuel cycles. To attain highly precise data, the accelerator neutron-nucleus reaction instrument (ANNRI) was installed at the Beam Line No. 04 of the materials and life science experimental facility (MLF) in the Japan Proton Accelerator Research Complex (J-PARC) [1, 2] . The neutroncapture cross sections of 241 Am [3] , 244 Cm [4] , 246 Cm [4] , and 107 Pd [5] have been determined by employing ANNRI, and the experiment with 93 Zr (half-life 1.61 9 10 6 year) is ongoing [6] .
Determination of precise and accurate neutron-capture cross sections of MAs and LLFPs needs their isotopically enriched samples. The ANNRI experiment requires *0.5 g of 93 Zr. The sample must be the sealed source, in which the perfect sealing performance is certified by a distinguished institute having the license. A survey of potential suppliers of 93 Zr revealed that Oak Ridge National Laboratory (ORNL) could supply the desired isotope. Zirconium including 93 Zr was recovered from a Savannah River Target Waste Stream as Zr(C 2 O 4 ) 2 , and it was converted to ZrO 2 by calcination. The recovered ZrO 2 including 0.5 g of 93 Zr was assembled as a sealed source in an Al case for the experiments at J-PARC.
The accurate isotopic composition of the sample must be known to obtain reliable nuclear data. Small amounts of the same Zr material (23 mg) were imported together to perform qualitative and quantitative analyses at Hot Laboratory of Research Reactor Institute, Kyoto University. The isotopic composition of Zr was analyzed by mass spectrometry. The results of purity evaluation are reported.
Experimental
The 93 Zr sample prepared at ORNL was a non-sintered ZrO 2 , and hence it could be dissolved in HNO 3 . The white powders of *0.02 g ZrO 2 were transferred into a glass vial and dissolved in 7 M HNO 3 (Wako Pure Chemical Industries, Ltd.) by gently heating on a hot plate. The stock solution was diluted to be 0.01 M Zr solution of 1 M HNO 3 . A 1 lL aliquot was placed on a sample Re filament for isotopic analysis. The total amount of Zr loaded on the filament was *1 lg.
Isotopic analysis of 93 Zr by inductively coupled plasma mass spectrometry has a difficulty with isobaric interferences [7, 8] . In the present study, the isotopic composition of Zr was analyzed by using a thermal ionization mass spectrometer (Thermo Fisher, TRITON). The analytical protocols are reviewed by Platzner [9] . A rhenium double filament was loaded into the mass spectrometer. The counter Re filament (ionization filament) was heated to attain 10 -12 A ion current of 187 Re. The sample filament (evaporation filament) was then heated to attain 10 -11 A ion current of total Zr isotopes. The ion beam intensities of Zr isotopes were measured by using Faraday cups for 90 Zr, 91 Zr, 92 Zr, 93 Zr, 94 Zr, and 96 Zr. The ion beam intensity at the mass of each Zr isotope was integrated for 4 s. The isotopic composition was evaluated from the ratio of ion beam intensities. This was repeated 30 times in 1 measurement, and the same measurement was repeated 10-12 times.
As the reference, isotopic compositions of Zr in a standard solution of natural Zr (Wako Pure Chemical Industries, Ltd., 1 M HNO 3 medium) was analyzed. In order to check the isobaric interference of 93 Nb on the mass number 93, the Zr standard solution was mixed with that of natural Nb (Sigma-Aldrich Co. LLC., 2 % HNO 3 medium), to prepare solutions of [Nb]/[Zr] = 0.2, 2, and 20 %, and their isotopic compositions were also analyzed in the same manner.
Results and discussion
Purity analysis by c spectrometry Stripping extraction for a HDEHP waste of the Savannah River Target Waste Stream was performed by using a mixture of oxalic acid and nitric acid. Oxalic acid in the aqueous phase recovered was decomposed by heating, and then the supernatant and precipitates were separated. The precipitates were dissolved in HCl. Zirconium in the supernatant (HNO 3 ) and the HCl solution were recovered and purified by ion chromatography. Column systems with cation exchange (MP-50), anion exchange (MP-1), and DGA resins were adopted. Elemental impurities analyzed by ICP-QMS for the 93 Zr sample were measured to be equal or below 1 wt%, which are mainly alkali and alkaline earth metals, silica, Fe, and Zn. These procedures were performed at ORNL.
The c spectrum of the 93 Zr sample obtained in the present study is shown in Fig. 1 . Each c ray was assigned by referring the literature data [10] . c impurities are mainly originated from 125 Sb, whose half-life (t 1/2 ) is 2.76 year. Other c impurities are originated from 126m Sb and 126 Sb (t 1/2 = 19.0 min and 12.4 days, respectively), which are the daughters of 126 Sn (t 1/2 = 2.3 9 10 5 year). The amount of 125 Sb impurity in the 93 Zr sample was determined to be smaller than 10 -5 wt%.
Isotopic composition determined by mass spectrometry
The isotopic composition of natural Zr measured in the present study is shown in Table 1 along with 2r analytical [11] uncertainties. The literature values [11] are also shown. Our results agreed with the literature data. The mass spectrum of the 93 Zr sample, which was obtained by magnetic field scanning for a Faraday cup, is shown in Fig. 2 (Fig. 1) . For Ru, we focused on the radioactivity of a major fission product 106 Ru (t 1/2 = 371.8 days).
106 Ru emits no gamma rays, but its daughters 106m Rh and 106 Rh emit (t 1/2 = 2.2 h and 30 s, respectively). c impurities corresponding to 106m Rh and 106 Rh were not observed (see Fig. 1 ). The 93 Zr sample is hence 106 Ru free, and this indicates that the fission product Ru isotopes were successfully decontaminated. 93 Nb is the only stable isotope of Nb. 95 Nb (t 1/2 = 35 days) has been decayed out similar with the 95 Zr case (see Fig. 2 ), and the half-life of 94 Nb (t 1/2 = 2 9 10 4 year) is too long for c analysis. The isobaric interference of 93 Nb on 93 Zr should be checked from the viewpoint of mass spectrometry. The isotopic composition of natural Zr containing various amounts of Nb was analyzed. The analytical results are shown in Table 2 . Since thermal ionization stability is element-dependent, Nb is not efficiently ionized under the analytical condition for Zr. Even if a Zr sample contains Nb of *2 wt%, the isotopic composition of Zr is measurable. When the fraction of Nb in Zr sample exceeds over *2 wt%, the ion beam stability of Zr drastically decreases. This gives incorrect isotopic composition of Zr with large analytical errors. Since ICP-QMS results indicating impurities are equal to or below 1 wt%, the isobaric interference of 93 Nb on 93 Zr in the isotopic analysis can be neglected.
The isotopic composition of the 93 Zr sample determined in the present study is shown in Table 3 . The amounts of Zr isotopes generated in a Pu target irradiated in the High Flux Isotope Reactor (HFIR) at ORNL were calculated using ORIGEN code [12] . The difference of the Zr isotopic composition between isotopic analysis and theoretical calculation is smaller than 1 %. The 2r errors in our analytical results are smaller than 0.1 %. The abundance of the LLFP 93 Zr was certified to be 18.86 ± 0.05 %.
Conclusions
The isotopic composition of the 93 Zr sample, which was prepared in Oak Ridge National Laboratory, was determined by multi-collector thermal ionization spectrometry with \0.1 % of 2r uncertainty. The abundance of 93 Zr in the sample was determined to be 18.86 ± 0.05 %. Threedigit accuracy for 93 Zr abundance (18.9 %) used in the preliminary test [6] was drastically improved. Further neutron-capture cross section measurement with the 93 Zr sample will be performed at J-PARC with the accurate isotopic composition determined in the present study. 
